The neocortex is a six-layered laminated structure with a precise anatomical and functional 19 organization ensuring proper function. Laminar positioning of cortical neurons, as determined by 20 termination of neuronal migration, is a key determinant of their ability to assemble into functional 21 circuits. However, the exact contribution of laminar placement to dendrite morphogenesis and 22 ectopic neurons as compared to layer V neurons (Kolmogorov-Smirnov test, p < 0.0001; n = 8114 126 events from 15 layer V neurons, 5364 events from 18 ectopic neurons) ( Figure 4C ). This decreased 127 frequency of mEPSCs is in accordance with our previous results suggesting that ectopic neurons form 128 less synapses. Additionally, we analyzed the amplitude and half-width of events occurring in ectopic 129 neurons and compared them to those of layer V neurons. The cumulative frequency curve of mEPSC 130 amplitude was shifted towards higher values in ectopic neurons, indicating an increased amplitude of 131 mEPSCs in this population (Kolmogorov-Smirnov test, p < 0.0001; n = 1348 events from 14 layer V 132 neurons, 1221 events from 18 ectopic neurons) ( Figure 4D ). The half-width curve showed a minor, 133 regulate filamentous actin structure in developing neurons. J Neurosci 33, 709-721. 595
synapse formation remains unclear. Here we manipulated the laminar position of cortical neurons by 23 knocking down Dcx, a crucial effector of migration, and show that misplaced neurons fail to properly 24 form dendrites, spines and functional glutamatergic synapses. We further show that knocking down 25 Dcx in properly positioned neurons induces similar but milder defects, suggesting that the laminar 26 misplacement is the primary cause of altered neuronal development. Thus, the specific laminar 27 environment of their fated layers is crucial for the maturation of cortical neurons, and influences 28 their functional integration into developing cortical circuits. 29 30 31
INTRODUCTION 32
Histogenesis of the neocortex relies on intricate developmental events eventually leading to the 33 formation of a laminated, six-layered structure. The laminar distribution of neocortical neurons is 34 closely linked with their ability to assemble into appropriate circuits, thereby ensuring proper cortical 35 function. Accordingly, altered laminar positioning resulting from neuronal migration disorders is 36 associated with clinical symptoms such as epilepsy and intellectual disability (1 -3) . 37
Although neocortical cytoarchitecture has long been described, developmental mechanisms 38 underlying the establishment of neuronal connectivity remain partly unknown. Once generated from 39 progenitors, neocortical neurons undergo extensive migration before they settle into their target 40 layers. While migrating, neurons extend two types of processes: a leading process at their front end, 41 and a trailing process behind. Although the trailing process is already defined as a growing axon (4 -42 6), the leading process will become the apical dendrite only after migration has ended (7, 8) . 43 Therefore, a tight temporal and functional coupling exists between the eventual positioning of 44 neocortical neurons defined by termination of migration, and the subsequent morphogenesis of 45 dendrites. Pyramidal neurons of the neocortex are highly polarized cells, displaying apical and basal 46 dendritic arbors. Synapses being formed at precise locations on dendritic spines, the size and shape 47 of dendritic arbors are key determinants for the number and distribution of synaptic contacts. 48 However, the exact contribution of laminar positioning to dendrite morphogenesis and synapse 49 formation remains unclear. 50
In the present study, we investigated whether and how a laminar misplacement may influence the 51 morphological and functional maturation of neocortical neurons. We induced altered laminar 52 positioning through in utero knockdown of doublecortin (Dcx), a well-known effector of migration, 53 and analyzed how ectopic neurons developed postnatally. We observed significant changes in 54 dendrite and spine morphologies accompanied by altered glutamatergic synaptic transmission. We 55 also evaluated the relative contributions of laminar misplacement and Dcx to these changes. Our 56 data indicate that, besides a mild influence of Dcx on neuronal maturation, ectopic neuronal 57 4 positioning is a major contributor to the altered dendritic morphogenesis and impaired development 58 of functional glutamatergic synapses. 59 60 RESULTS 61
Ectopic neurons fail to develop proper dendritic arbors and spines 62
To study whether a correct laminar positioning may influence the morphological and functional 63 maturation of neocortical neurons, we disturbed neuronal migration by knocking down Dcx in utero. 64
At embryonic day 15 (E15), a plasmid encoding a short hairpin RNA (shRNA) targeting Dcx was 65 electroporated in the cortical progenitors of rat embryos (9) ( Figure 1A ). Co-electroporation of a 66 plasmid encoding the red fluorescent protein mCherry allowed visualization of the electroporated 67 neurons in post-natal stages. At post-natal days 14-15 (P14-15), mCherry + neurons electroporated 68 with Dcx shRNA had failed to migrate and were located ectopically within the white matter, as 69 previously described. By contrast, in control brains electroporated with a Dcx-mismatch shRNA, 70 mCherry + neurons migrated properly into layer V ( Figure 1B) . 71
To analyze whether altered neuronal positioning has an impact on neuronal polarity and overall 72 morphology, we imaged ectopic neurons from Dcx knockdown (Dcx-KD) brains compared to layer V 73 neurons from mismatch brains and scored their apical dendrite orientation ( Figure 1C -D). Apical 74 dendrites of layer V neurons were 100% (12/12 neurons) radially oriented towards the cortical 75 surface whereas less than 30% (5/17 neurons) of ectopic neurons were oriented properly. The 76 remaining ectopic neurons were either oriented aberrantly or presented an abnormal bipolar 77 morphology, preventing us from clearly defining an apical dendrite ( Figure 1D ). We then checked 78 whether altered cortical positioning influenced dendritic growth by reconstructing the dendritic 79 arbor and analyzing the complexity of basal dendrites. Ectopic neurons grew significantly fewer 80 primary branches than layer V neurons (6.3 ± 0.6 vs 3.9 ± 0.5; t-test, p = 0.0074; n = 12 layer V 81 neurons, 17 ectopic neurons) and their dendritic arbor was less ramified (13.3 ± 2 vs 5.2 ± 0.9; Mann-82 5 Whitney test, p < 0.0001; n = 12 layer V neurons, 17 ectopic neurons) ( Figure 1E -F). 83
To evaluate the impact of altered positioning and dendritic growth on spine formation, we manually 84 reconstructed the spines from the mCherry signal amplified by immunohistochemistry ( Figure 2A ). In 85 ectopic neurons, the linear density of spines was decreased by 40% compared to control neurons in 86 layer V (35.6 ± 3.2 vs 21.6 ± 2.6 spines / 100 µm; t-test, p = 0.0024; n = 13 neurons / condition) 87 ( Figure 2B ). In addition, successfully formed spines had an altered morphology including wider heads 88 (0.498 ± 0.005 vs 0.535 ± 0.01 µm; Mann-Whitney test, p < 0.0001; n = 1953 spines from 13 layer V 89 neurons and 501 spines from 13 ectopic neurons ) and wider necks (0.27 ± 0.002 vs 0.39 ± 0.009 µm; 90
Mann-Whitney test, p < 0.0001; n = 1953 spines from 13 layer V neurons and 501 spines from 13 91 ectopic neurons) although their length was comparable to spines from layer V neurons (1.281 ± 0.015 92 vs 1.281 ± 0.034 µm; Mann-Whitney test, p = 0.15; n = 1953 spines from 13 layer V neurons and 501 93 spines from 13 ectopic neurons) ( Figure 2C -E). Together, these data suggest that an appropriate 94 positioning ensures proper cell polarity, dendritic growth and spine morphology. 95 96
Glutamatergic synaptogenesis is altered in ectopic neurons 97
Because dendritic spines are the sites of most excitatory synapses, the spine alterations reported 98 above could be associated with impaired glutamatergic synaptogenesis. To check this point, 99 glutamatergic post-synapses were genetically labelled with PSD-95-GFP, a scaffolding protein that 100 anchors glutamate receptors and had been fused with GFP. We co-electroporated a floxed-stop-PSD-101 95-GFP plasmid at E15 with plasmids encoding Dcx shRNA, mCherry and a tamoxifen-inducible Cre-102 recombinase. The Cre-recombinase was activated at P1 by intraperitoneal injection of tamoxifen to 103 induce PSD-95-GFP expression ( Figure 3A) . A single tamoxifen injection induced a low level of 104 recombination and allowed for a sparse labelling of PSD-95-GFP, making it easier to follow dendrites 105 of individual neurons ( Figure 3B ). Once expressed, PSD-95-GFP proteins formed puncta localized 106 mainly on spine heads, where the post-synapse is usually assembled ( Figure 3C ). Electron microscopy 107 6 experiments confirmed that PSD-95-GFP was localized in spines near the electron dense post-108 synaptic density (PSD) facing pre-synaptic elements containing vesicles ( Figure 3D ). We then 109 quantified the linear density of PSD-95-GFP + puncta along dendritic segments localized within 5-80 110 µm of the soma. In ectopic neurons, the PSD-95-GFP + mean density was significantly lower than in 111 layer V neurons (87.54 ± 4.03 vs 15.31 ± 2.53 puncta / 100 µm; t-test, p < 0.0001; n = 13 neurons / 112 condition) ( Figure 3E -F), suggesting that ectopic neurons form less glutamatergic synapses. In 113 addition, spines containing PSD-95 are generally classified as more differentiated (73) so we analyzed 114 the proportion of those containing PSD-95-GFP + puncta in ectopic and layer V neurons. In ectopic 115 neurons, about 90% (180/217) of spines analyzed were devoid of PSD-95-GFP + puncta (n = 6 neurons) 116 whereas this fraction was only 24% (199/621) in layer V neurons (n = 6 neurons) ( Figures 3E and 3G ). 117
Although we did not quantify it, we noted that PSD-95-GFP + puncta were mostly localized on the 118 shaft of dendrites in ectopic neurons. Thus, in addition to a decreased spine density, ectopic neurons 119 form less spines with a mature PSD scaffold. 120
To investigate whether a reduced density of spines and a reduced PSD scaffold translate into altered 121 synaptic transmission, we recorded miniature excitatory currents (mEPSC) from electroporated 122 neurons ( Figure 4A -B). We successfully recorded mEPSCs in ectopic neurons, indicating that these 123 cells received synaptic inputs. However, cumulative frequency curves of mEPSC inter-event intervals 124 revealed a significant shift towards higher values, suggesting a decreased frequency of mEPSCs in 125 7 although significant, shift towards smaller values (Kolmogorov-Smirnov test, p < 0.0001; n = 1348 134 events from 14 layer V neurons, 1221 events from 18 ectopic neurons) ( Figure 4E ). Overall, our data 135 suggest that migration into the appropriate layer is important for dendritic growth, spine formation 136 and glutamatergic synaptogenesis, both on a morphological and functional level. Smirnov test, p < 0.0001; n = 4771 events from 10 ectopic Dcx + neurons, 5364 events from 18 ectopic 151 Dcx-KD neurons) ( Figure 5D ). Moreover, the cumulative frequency curve of mEPSC amplitude was 152 slightly, but significantly, changed (Kolmogorov-Smirnov test, p = 0.0067; n = 1049 events from 10 153 ectopic Dcx + neurons, 1221 events from 18 ectopic Dcx-KD neurons) and the cumulative frequency 154 curve of mEPSC half-width was shifted towards higher values in ectopic Dcx + neurons Smirnov test, p < 0.0001; n = 1049 events from 10 ectopic Dcx + neurons, 1221 events from 18 ectopic 156 Dcx-KD neurons) ( Figure 5E -F). Following the electrophysiological recordings, neurons were filled 157 with biocytin and reconstructed to analyze their overall morphology ( Fig 5B,G) . As reported above, 158 most ectopic Dcx-KD neurons were aberrantly oriented or presented an abnormal morphology 159 8 preventing us to define an apical dendrite (10/11 neurons). In most cases, ectopic Dcx + neurons were 160 able to form an apical dendrite but were not oriented properly towards the cortical surface (6/7 161 neurons) ( Figure 5H ). Analysis of the basal dendritic arbor revealed no significant difference in the 162 number of primary branches formed by ectopic Dcx + and Dcx-KD neurons (4.29 ± 0.78 vs 2.73 ± 1.42; 163
Mann-Whitney test, p = 0,145; n = 7 ectopic Dcx + neurons, 11 ectopic Dcx-KD neurons) ( Figure 5I ). 164
However, ectopic Dcx + neurons were more ramified than ectopic Dcx-KD neurons, indicating that Dcx 165 might play a role in the formation of the dendritic arbor (10 ± 2.28 vs 4.09 ± 0.73; Mann-Whitney 166 test, p = 0,027; n = 7 ectopic Dcx + neurons, 11 ectopic Dcx-KD neurons) ( Figure 5J ). These 167 electrophysiological and morphological differences between ectopic Dcx + and Dcx-KD neurons 168 suggest that Dcx is involved in dendritic growth and synaptogenesis in addition to its canonic role in 169 migration. 170
To further test this hypothesis, we designed a conditional knockdown strategy to silence Dcx 171 expression after migration has ended. We electroporated at E15 a tamoxifen and Cre-dependent 172 plasmid encoding a Dcx shRNA and induced its expression with a tamoxifen injection at P1 ( Figure  173 6A). This post-natal knockdown (pKD) took effect after migration had ended so Dcx-pKD neurons 174 migrated to layer V similarly to control neurons electroporated with a mismatch shRNA ( Figure 6B ). 175
On the other hand, Dcx-pKD was induced early enough to study its effect on dendrite formation and 176 early synaptogenesis, both events mostly occurring during the first post-natal weeks. 177
We first analyzed Dcx-pKD effect on neuronal polarity and morphology. We observed that 100% (9/9 178 neurons) of Dcx-pKD neurons presented a pyramid shaped soma and their apical dendrites were 179 radially oriented towards the cortical surface, similarly to mismatch neurons (12/12 neurons) ( Figure  180 6C-D). Three-dimensional reconstructions of basal dendritic arbor revealed that they extended the 181 same number of primary branches as mismatch neurons (5.3 ± 0.22 vs 5.2 ± 0.49; t-test, p = 0.826; n 182 = 12 mismatch neurons, 9 Dcx-pKD neurons) but these branches were less ramified (13 ± 1.42 vs 8 ± 183 1.44; t-test p = 0.026; n = 12 mismatch neurons, 9 Dcx-pKD neurons) ( Figure 6C and 6E-F). These data 184 suggest that Dcx influences dendritic growth in properly positioned neurons, although to a lesser 9 extent than in ectopic positions. 186
We then checked for a potential effect of Dcx-pKD on spine density and morphology. In Dcx-pKD 187 neurons properly placed in layer V, spine density was similar to the one in mismatch neurons (66.8 ± 188 5.9 vs 56.2 ± 8.0 spines / 100 µm; t-test, p = 0.296; n = 15 neurons / condition) ( Figure 7A period making difficult any immunohistochemical evaluation. We therefore decided to analyze by 199
Western blot cytosolic and synaptosomal fractions isolated from P10, P15 and P20 rat neocortex 200 ( Figure 7F ) and found that Dcx was enriched in the synaptosomal as compared to the cytosolic 201 fraction. Dcx expression was also down regulated from P10 to P20, as opposed to the PSD95 which 202 expression increased during the same developmental period. These results agree with previous 203 reports investigating the maturation of mouse synaptosomal proteome (10, 11). 204
Because Dcx seems involved in spine formation, glutamatergic synaptogenesis could also be affected 205 by Dcx post-natal knockdown. We quantified the density of PSD-95-GFP + puncta as described above 206 and found that the linear density of PSD-95-GFP + puncta was similar in both groups (101.4 ± 8. (16). Together, these observations suggest that migration of cortical neurons to their fated layers 248 may not be essential for growing axons to reach appropriate targets. On the contrary, neuronal 249 polarity and dendritic outgrowth were both severely affected in the same rodent models. Ectopic 250 neurons in brains prenatally exposed to irradiation or chemicals displayed abnormally oriented apical 251 dendrites (13, 17 -19) . Randomly oriented apical dendrites were also described in neurons grafted sliding of pre-assembled microtubules from the soma into the dendrite or through microtubule 284 nucleation, a process leading to de novo polymerization of microtubules (48). Since Dcx has been 285 shown to nucleate microtubules in vitro and in vivo, microtubule nucleation could be the process 286 through which Dcx promotes dendritic ramification of cortical neurons (39, 43, 44) . 287
In addition to Dcx involvement in dendritogenesis, we also found a significant enlargement of spine 288 13 head and neck diameters in Dcx-pKD neurons, suggesting that Dcx acts as a regulator of dendritic 289 spine shape. This finding is in agreement with a previous report identifying Dcx as the downstream 290 effector of Npas4 and Mdm2 which regulate spine formation in newborn neurons of the olfactory 291 bulb (49). Spine formation and plasticity rely heavily on the actin cytoskeleton to control spine shape. 292
In developing neurons, Dcx regulates filamentous actin by interacting with neurabin II (spinophilin) 293 thus cross-linking the actin and microtubules cytoskeleton (50 -52). Furthermore, although spines 294 have been considered devoid of microtubules for a long time, several studies have now underlined 295 the presence of dynamic microtubules in these structures (53, 54). Microtubules polymerize 296 transiently into spines and regulate their morphology as well as synaptic plasticity through a 297 cytoskeletal cross-talk with actin (55 -57). Because microtubule invasions seem to specifically target 298 spines that are undergoing activity-dependent changes, one hypothesis is that this process helps to 299 regulate synaptic plasticity through molecular cargo transport to the synapse (58, 59). Overall, Dcx 300 many interactions with the cytoskeleton are likely to contribute to its regulation of dendritic 301 development, spine morphology and synaptogenesis. 302
Lastly, our paper identifies laminar misplacement resulting from migration failure as a critical factor 303 holding up the development of cortical neurons. In humans, migration failure during corticogenesis 304 leads to malformations of cortical development that are often associated with epilepsy and 305 intellectual disability (2, 60). These symptoms are primarily thought to arise from the structural 306 alterations created by malformations as well as aberrant network connections. However, as these 307 malformations are formed by groups of ectopic neurons, the dendritic and synaptic deficits described 308 above could participate to the etiology of the clinical symptoms. In fact, dendritic shape impairment 309 during development has been linked to lower cognitive capacities later in life (61, 62). Moreover, 310 spine alterations and synaptic dysfunctions are well-known mechanisms underlying brain deficits 311 that are known collectively as synaptopathies (63). Finally, since Dcx also seems to regulate some 312 aspects of neuronal development, this study may be relevant for a migration disorder arising from 313 Immunostaining 373
Animals were transcardially perfused with AntigenFix (Diapath) at P14-15. Their brains were then 374 removed and post-fixed in AntigenFix for 24 hours before they were sectioned (100 µm) with a 375 vibratome (Leica VT 1000S) and processed for immunohistochemistry as free-floating sections. The 376 mCherry signal was amplified using an anti-RFP rabbit antibody (1/1000, Rockland). Sections used for 377 electrophysiology were fixed overnight in AntigenFix before biocytin was revealed with Alexa647-378 conjugated-streptavidin (1/200, Jackson ImmunoResearch). In all cases, sections were incubated with 379 antibodies for 72 hours at room temperature to increase antibody penetration into the tissue. 380
Sections were counterstained with Hoechst (Thermo Fisher, 1/1000) and mounted in Fluoromount 381 (Thermo Fisher). 382
Fluorescence microscopy 383
All images were acquired as 3D stacks using a 0.3 µm z-step on a Leica TCS SP5 X confocal 384 microscope, unless stated otherwise. For the morphological analyses of ectopic / layer V and 385 Mismatch / Dcx-pKD dendritic trees, neurons were imaged using a 63x oil objective, roughly placing 386 the soma at the center of the image. During the same imaging session, dendrites were imaged by 387 using the same objective and adding a 4.5 numerical zoom. Only dendrites within 5-80 µm of the 388 soma were imaged. When two channels were used, acquisitions were always sequential to avoid 389 cross-talk. After electrophysiological recordings, a 40x oil objective was used to image the biocytin-390 filled neurons. 391
Images used for reconstructions of ectopic Dcx + and Dcx-KD neurons were acquired using a Zeiss LSM 392 510 confocal microscope with a 20x objective and 0.5 µm z-step. 393
Electron microscopy 394
PSD95-GFP electroporated P15 rats were deeply anesthetized and transcardially perfused with 395 AntigenFix (Diapath) /0.3% glutaraldehyde (Sigma). Brains were dissected out and post-fixed 396 overnight in Antigen Fix, at 4°C. 120 µm coronal sections were prepared using a vibratome. PSD95-397 eGFP electroporated sections were selected under an epifluorescence microscope, cryoprotected in 398 25% sucrose in PBS overnight at 4°C and submitted to two cycles of freezing on dry ice and thawing, 399 for permeabilization. Selected sections were incubated in blocking buffer (PBS, 5% BSA, 0.1% cold 400 water fish skin (CWFS) gelatin, 10% normal goat serum (NGS), 15 mM NaN3 pH7.4) for 1 hour at 401 room temperature, incubated with a chicken anti-eGFP antibody (1/1000, Aves) in antibody buffer 402 (PBS, 0.8% BSA, 0.1% CWFS gelatin, 5% NGS, 15 mM NaN3 pH7.4) for 72 hours, at 4°C, washed and 403 further incubated with a gold-coated IgG goat anti-chicken antibody (1/50, Aurion, "Ultra small 0.8 404 nm", Cat N° 800.244) in the same buffer for 16 hours at 4°C. Sections were washed and post-fixed in 405 PBS/2.5% glutaraldehyde at room temperature for 30 min. The sections were treated with the Aurion 406 R-Gent silver enhancement kit (Electron Microscopy Sciences) and post-fixed with 0.5 % osmium 407 tetroxide in PBS at room temperature for one hour. The sections were dehydrated in a graded series 408 of ethanol from 30% to 70% and stained overnight in 2% uranyl acetate in 70% ethanol at 4°C. The 409 sections were further dehydrated in a graded series of ethanol from 70 % to 100%, washed with 410 propylene oxide, embedded in Araldite resin. 80 nm sections were made with an ultramicrotome 411 (Leica, EMUC7), analyzed with an electron microscope (Zeiss EM 912). Images were acquired with a 412 digital camera (Bioscan 792). 413
Image analysis 414
All image analyses were performed with the scientist blinded to the experimental conditions. 415 Radial orientation of neurons was defined as the apical dendrite making an angle of 90° ± 20° with 416 the cortical surface. 417
Neurons were reconstructed tree-dimensionally using Neurolucida software version 10 (MBF 418 Bioscience). The digital reconstructions were analyzed with the software L-Measure to measure the 419 number of primary branches and the total number of ramifications of each neuron (71). 420 PSD-95-GFP + puncta were manually counted on the 3D stack using the Cell counter plugin of FIJI. The 421 length of the corresponding dendrite was also measured in FIJI. The linear density of PSD-95-GFP + 422 puncta was calculated as the ratio of these two measurements. 423
Dendritic spine density and morphology were analyzed from 2D images generated by maximum 424 intensity projection of the 3D stacks in FIJI and converted to RGB images. The length, head width and 425 neck width of dendritic spines were then manually traced on SynPAnal (72). Only spines clearly 426 protruding from the dendritic shaft were reconstructed. A 700 nm wide circle was then generated 427 around each spine head and PSD-95-GFP + puncta were detected using a fluorescence threshold to 428 count the proportion of spines containing puncta. This detection was manually edited to remove 429 false positive. 430
Synaptosome preparation and Western blot analysis. 431
Cortex from P10, 15 and P20 rat were homogenized in Syn-PER TM synaptic protein extraction reagent 432 (ThermoScientific) complemented with protease and phosphatase inhibitors (Pierce, 433 ThermoScientific) in a Dounce homogenizer (1ml/100 mg of tissue) at 4°C. The homogenates were 434 centrifuged at 1000 g for 10 min at 4°C and the supernatants further centrifuged at 15000g for 20 435 min at 4°C. The supernatants (cytosolic fractions) were collected and the pellets (synaptosome 
